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The natural time scale of electronic processes in solids must encompass the sub-femtosecond or attosecond range. Despite this, the recent major advances in attosecond science are almost exclusively based on atoms and molecules in the gas phase [1] . In atoms and molecules it is established that attosecond dynamics are accessible through intense laser fields because tunnel ionization localizes electron release on a sub-cycle basis. This is due to the exponential dependence of the tunnelling process on the instantaneous electric field. As ionization, leading to electron-hole pair generation in wide band-gap dielectrics, is analogous to ionization to the continuum in atoms and molecules [2] , dielectrics are a natural place to begin to explore attosecond science in solids. Many questions are open: (i) Molecular structure influences attosecond dynamics [3] -does crystal symmetry [4] also influence dynamics? (ii) Tunnelling creates boundstate electronic wave packets in molecules [5] -are electronic wave packets being created by tunnelling in solids? (iii) Does the solid-state equivalent of enhanced ionization in molecules [6] influence tunnelling dynamics? (iv) Electron scattering following ionization is the essence of attosecond science [7] can we directly measure characteristics of electron scattering (the first step in avalanche ionization) in highly disordered materials? (v) Finally, in gases the electron always responds with the real electron mass. In solids the band structure gives an electron an effective mass. Is there a time scale for the electron to assume its effective mass?
To answer these and other related questions requires a new metrology. The ion, electron and high-harmonic spectroscopies that have enabled attosecond science in the gas phase [1] are not available inside solids. Fortunately, the high density in solids, the very property that precludes these approaches, provides an alternative method that we exploit. This new diagnostic is based on modification of the laser beam itself during the interaction.
Dielectrics, band gap E ∼10 eV, are transparent for low intensity near-infrared light. Until now, in solids, only the pulse envelope has been analysed [8] [9] [10] , ignoring any subcycle information it carries. Using experiment and simulation, we show that sub-cycle information is carried in changes in laser ellipticity. Figure 1(a) shows schematically the expected change in polarization due to Kerr nonlinearity and other delayed nolinear propagation effects that depend on the laser intensity envelope. Figure 1(b) shows the change caused by differential absorption during the laser cycle. We use fused [11] ) (a) and differential absorption (b). The incident and the transmitted laser polarization ellipsoids are shown with solid and dashed lines correspondingly. In (a) the ellipticity, ǫ, remains the same, in (b) ǫ increases.
SiO 2 , as a typical wide band gap dielectric. In the case of fused silica the efficient generation of third or higher harmonic is not present due to high dispersion. We find that multiphoton absorption maximizes near the peak of the field-the major axis of the ellipse-and is minimal when the field points towards the minor axis ( figure 1(b) ). For our experiment we use a microscope objective to focus femtosecond laser pulses inside solid. This allows us to achieve intensities required for multi-photon ionization at pulse powers below the self-focusing power. Furthermore, the beam is depleted when the free carrier density reaches only about 0.1% of the atomic density of SiO 2 , because of the low fluence of ultrashort pulses. The resulting intensity clamping further suppresses the influence of the low order nonlinearities on the beam. Finally, the relatively low integrated free carrier density makes plasma refraction over the interaction length negligible. Thus, our measurements are robust-insensitive to propagation effects. Depletion, in our experiment, is directly related to the ionization probability [12] .
Theoretically, we concentrate on the idea of laser depletion in strong field ionization. We approximate a dense, large band gap material by a dense gas of non-interacting atoms. This allows us to leverage our knowledge of the attosecond response of atomic media with enough atoms for sub-cycle absorption.
The total absorption includes contributions from (i) direct multiphoton free carrier generation, (ii) generation of oddharmonics and (iii) inverse Bremsstrahlung absorption (by the generated free carriers) leading to avalanche ionization. The model allows us to test the first two contributions. In addition, we minimize, experimentally, any contribution from harmonic generation through the very short phase matching length of SiO 2 . Inverse Bremsstrahlung and avalanche ionization are not in our model. We evaluate their impact experimentally by exploiting the fact that both require a build-up in the free carrier concentration. We measure sub-cycle absorption as a function of the pulse duration. We find the ellipticity changes to be less important for longer pulses (where avalanche ionization plays a larger role). We evaluate the impact of collisions theoretically by arranging absorbing boundary conditions to absorb the electrons in about one mean free path.
Our experiment was performed with 800 nm, 43 fs (FWHM) pulses which could be stretched by tuning the grating compressor to a longer pulse. We used a microscope objective with a numerical aperture of 0.25 to focus the laser beam ∼150 μm inside a fused silica sample. Our pulse energies would have ranged from 20 to 300 nJ corresponding to intensities between 0.5 × 10 13 and 7 × 10 13 Wc m −2 if the focus were in vacuum. The transmitted beam was collimated using an identical microscope objective. By translating the sample, we ensured fresh material for each laser shot. We controlled the polarization of the input beam with a quarter-wave plate before the focusing objective. We analysed the transmitted polarization using a rotating polarizing prism, followed by a photodiode. The intensity measured by the photodiode is I = I 0 (cos 2 (φ) + ǫ 2 sin 2 (φ)), where φ,i s the polarizer rotation angle relative to the major axis of the polarization ellipsoid of the incident light and the ellipticity, ǫ,= √ I min /I max . Figure 2 shows the polarization of the transmitted laser light for four different incident pulse energies. As the laser pulse energy increases, the ellipsoid rotates and ǫ increases. The position of the curve with respect to the analyser angle, φ, shows the orientation of the polarization axis. We can see that the 35 and 100 nJ curves are progressively shifted with respect to the lowest 13 nJ case (as shown with the horizontal arrow). Ellipse rotation is a χ (3) effect [11] . The rotation direction follows the polarization handedness of the incident light and the amount of rotation, φ, initially grows linearly with laser intensity (figure 3(a) ) and then saturates after the onset of absorption that clamps the light intensity at the level determined by the ionization threshold [12] (the vertical line located at the inflection point of the dotted transmission curve).
The second energy-dependent effect in figure 2 is the increase in the minimal value of the curves indicated by the vertical arrow. For all measurements we selected ǫ ≈ 0.58 for the incident laser field, chosen to give the highest signal to noise level in ellipticity changes, ǫ. With the peak of the curves normalized to 1, the minimal value is a direct measurement of the square of the field ellipticity. absorption, the ellipticity starts to increase, reaching ǫ ≈ 0.64 at three times the threshold pulse energy.
For longer pulses, inverse Bremsstrahlung and avalanche ionization become important [13] . Here we expect less reshaping of the laser electric field and, therefore, less change in the ellipticity of the transmitted light. With the pulse energy adjusted to ensure the same total absorption of 20%, figures 3(b) and (c) show that the ellipticity change for the 43 fs pulse is 7% while for the 115 fs pulse it is only 3%. The ellipticity change falls below our experimental noise level for a 180 fs pulse (not shown).
We now introduce a dense atomic gas model. Our aim is to illuminate the underlying concept of our experiment and to explore a wider range of parameters that would be relevant to more complex experiments. For this we need enough atoms to make absorption important. We also need to be sure that we understand the attosecond material dynamics. The noninteracting ideal gas model satisfies both criteria.
We do not expect quantitative agreement between the model and experiment. For this we would need to use the correct density of atoms; the correct atomic potentials with correct bound states; 3D electromagnetic wave propagation and collision modelling. Aside from this being a major theoretical undertaking, the added complexity would obscure the simplicity of the underlying concept of sub-cycle absorption. We solve numerically the Maxwell propagation equation
t) and the Schrödinger equation for a one-electron atom
where r ⊥ is coupled through the atomic polarization P(z,t) = N ( r ⊥ ,t; z)| r ⊥ | ( r ⊥ ,t; z) , N is the atomic density. All equations are in atomic units (m e =h = e = 1). We first verify, with linearly polarized light, that the model describes the expected depletion of the laser energy by the solid [12] . For this we use a 1D approximation, where r ⊥ = x is the electronic coordinate and z is the laser propagation direction. The atomic binding potential, V(r ⊥ ) =−0.6exp[−4ln2(r ⊥ /1.7) 4 ], chosen to give a single bound state with ionization potential I p = 9 eV equal to the SiO 2 band gap. Before the pulse arrives, all atomic population is in the ground state. Absorbing boundary conditions are used to model the loss of coherence of the electron due to electronlattice scattering [14] . The boundaries smoothly attenuate the wavefunction over the range of 17-30 au.
For the calculation we used an input light intensity of I 0 = 1.5 × 10 14 Wc m −2 , a laser frequency of ω = 2.35 × 10 15 rad s −1 (800 nm), a pulse duration (FWHM) of 20 fs, and a density of N = 5 × 10 −4 au. This density corresponds to an average atomic separation of 6Å; thus, our model is less dense than typical solids but still dense enough to support macroscopic absorption. In the calculation we filter the field to only pass frequencies up to 4.5 times the fundamental frequency. We do this because, in solids, the dispersion and the absorption of laser higher harmonics are very strong. Figure 4 shows the changes in the pulse envelope that occur due to absorption at different propagation depths, L.The input pulse at L = 0 μm is Gaussian. Following the strongest absorption between L = 0 and 4 μm, the pulse intensity is reduced to the level where there is little ionization. Intensity clamping is so efficient that there is a very little difference between the 8 and the 12 μm curves. This basic behaviour is captured in an approximate model [12] that allows for an analytical description of laser absorption in solids.
Next we approximate the propagation and the absorption for elliptically polarized light by extending the model to 2D. Now r ⊥ = (x, y), r ⊥ = x 2 + y 2 and the binding potential V(r ⊥ ) =−0.945 exp[−4ln2(r ⊥ /2) 4 ], again chosen such that I p = 9 eV. Figure 5 shows the change in ellipticity between the incident and the transmitted beams as a function of the pulse intensity for 20 fs pulse. The ellipticity remains constant for the low input pulse intensities. At higher intensities, beginning at the nonlinear absorption threshold, the ǫ (solid line) increases, indicating the change in polarization towards circular. This behaviour qualitatively agrees with experimental results shown in figures 3(a)-(c), confirming that sub-cycle ionization alone can produce a change in ellipticity.
Elliptical polarization has an inherent pump-probe structure with the major axis component of the field acting as the pump and the minor axis as the probe [15] . With a single beam, the pump and the probe are phase locked providing the equivalent of a fixed delay, limiting the resolution to ∼1/4 laser cycle. The use of a second field, whose phase can be moved relative to the fundamental, can serve as a moving probe and improve the resolution. We illustrate the opportunity by studying the fundamental and its second harmonic. In centrosymmetric media, where even harmonics are not produced, the two colours, ω +2ω, provide the most intuitive way to probe the sub-cycle absorption [16, 17] . Figure 6 demonstrates the idea. It shows the pulse profile prior to (a) and after (b, c) propagating through absorbing high density gas. The initial pulse, at L = 0 μm, is composed of equal intensity ω and 2ω beams with phase delay, δφ = 0. The square of the instantaneous laser field amplitude consists of a large peak which appears at each period interspersed with two side peaks, initially of equal magnitude. Figure 6(d) shows that the field reshapes after propagation through 3 μm of absorbing material. Absorption starts at the highest points of the field and extends for ∼π/2 radians that follow. This results in the asymmetric shape of the pulse. The two frequencies of the laser field, ω and 2ω, are attenuated and delayed differently due to the nonlinear polarization of the media. The attenuation and delay depend on the relative phase of the input beams. In our model there are no excited states. The polarization field can only be generated by the ground-to-continuum coupling (i.e. the tunnelling process). Only the changes in the tunnelling electron wavefunction that are defined by its attosecond ionization dynamics and electronlattice scattering (boundary position and width in our model) are responsible for the attenuation and the delay that produce the waveform in figure 6(d) . Figure 6 (c) shows the field profile at the depth of 6 μm inside the gas. Between 3 and 6 μm in the sample, the light intensity is reduced and the field shape remains nearly unchanged. In other words, the magnitude and the phase of polarization arising from the ground-to-continuum coupling depend nonlinearly on the laser intensity.
These calculations indicate how studying the attenuation and phase delay as a function of the input phase of the ω and 2ω beams over a range of intensities can provide a basis for characterizing attosecond dynamics in dielectrics. In the model, the low atomic density and lack of bound states effectively eliminates linear dispersion. Experimentally, the wavelength of the fundamental and its second harmonic can be chosen to have the same dispersion in the sample. Then, without phase walk-off in the interaction region, twocolour experiments provide a route to high temporal resolution measurements in solids.
The ultimate impact of attosecond technologies will be much wider if they can be realized in solid-state devices, rather than gas phase environments. We have demonstrated an approach to attosecond metrology in solids. Polarizationbased nonlinear optical probes can form the basis for attosecond photonic devices. An initial device could target carrier envelope phase measurements of a few cycle laser pulses [18] . Since only nJ pulse energies, a fraction of typical fundamental laser pulse energies, are needed, this approach offers the potential for minimally invasive shot-by-shot phase measurement.
